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Recently, magnesium and its alloys have been recognized as a suitable degradable 
biomaterial. The degradability of magnesium alloy is one of the important contribution 
aspects in medical devices applications. It has natural ability to degrade due to corrosion 
when it is placed in aqueous solutions. Degradable magnesium alloy is one of the most 
practical medical devices that adopting this application concept. This report investigated 
the importance of magnesium alloy degradation in human body. Calcium composition 
was varied to change the degradation time for each sample. Longer degradation time is 
desirable for the application as stent method in stroke treatment. Several calcium 
compositions between 0 to 2 wt% are used to produce Mg-Zn-Ca alloy. Method of alloy 
fabrication, corrosion test technique and surface morphology analysis of magnesium 
alloy is presented in this report. The result obtained from this research is Mg-Zn-
1wt%Ca having the lowest corrosion rate of 1.87 mm/year as compared to Mg-Zn-
0wt%Ca and Mg-Zn-2wt%Ca which having corrosion rate of 2.12 mm/year and 3.56 
mm/year respectively. Thus, Mg-Zn-1wt%Ca can be implemented as degradable implant 
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1.1 Background of study  
Stroke is one of the leading causes of death in the world. Each year, about 800,000 
people in the United State have a stroke(Allan et al., 2013).  Stroke is the disturbance in 
the blood supply to the brain that can cause brain malfunction. The blockage in the 
blood arteries will restrain the blood flow to the brain (Sims & Muyderman, 2009).This 
might result in inability to move, understand, see or speaking due to the affected area of 
the brain that cannot function (Donnan et al., 2008). Fatty material or plaque deposition 
might partly or totally block the blood flow in the blood arteries called carotid arteries. 
One of the invasive methods to treat and open up the blocked or narrowed arteries is 
stent placement (Dugdale, 2012).    
Stent placement involves balloon angioplasty procedure as a method to treat the arteries. 
A balloon along with expandable metallic stent inside it is inserted into the narrowed 
arteries. First, the stent is in a compressed form in the balloon and placed at the tip of a 
catheter. This assembly is then guided to the target artery. The stent is expanded as the 
balloon inflates. Once in place, the balloon is the deflated and removed, the stent will 
remain in the artery which acts as a support (Healthwise, 2013). 
 
Figure 1: Stent placement procedure 
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Stent is a tiny wire mesh tube supportive structure that is placed inside the arteries. It can 
treat narrow and weak arteries by keeping the lumen open, thus improve the blood flow. 
A stent helps to support the inner wall of the arteries and expected to last for 6 to 12 
months during arterial healing and remodeling. Placement of stent may help to decrease 
the chance of the arteries from narrowing again (Maryam & Diego, 2011). Stents are 
intended to perform clinically with appropriate host response.  The properties required 
for degradable implants are high mechanical support, matching degradation rate, good 
biocompatibilities and biosafe (Rad et al., 2012). Biocompatibility is the acceptance by 
the surrounding tissues or host body of an artificial implant.  
 
 
Figure 2: Stent structure 
 
 
The idea of degradable stent provides most practical medical application. Degradable 
can be defined as a process of breaking-up the material by action of natural forces. The 
concept of degradable stent can be in two terms: a) no foreign products from degradation 
process remain in the host body; b) stent prevents the vessel from recoiling for at least 6 
to 9 months(Shalaby et al., 2012). 
Previously, stents is applied by using corrosion-resistant metals. Thus, that will result in 
additional risk and operation cost for patients (Guang-Ling, 2011). The application of 
temporary medical implants will prevent the need for further operation by the host to 
remove the stent as compared to corrosion resistant metal used for permanent stent 
application. Bioabsorption process of degradable metallic stent is taken place in the 




Figure 3: Stent implant 
 
Metals, polymers and ceramics can be used as the material for stent. Stents which is 
made from metallic materials have the potential to be an ideal stent (Julie, 2014). The 
interventional cardiologists prefer to use metallic stent (Chris, 2013). The following 
table shows the pros and cons for each material.  
Table 1: Materials for degradable stent (Dharam & Anthony, 2012) 
Metals 
 (Mg, Ti, alloys, stainless 
steel, etc) 
Polymers  
(nylon, silicon, etc) 
Ceramics 
(Calcium phosphate, 
aluminium oxide, etc) 
 Good in mechanical 
strength to support the 
arteries. 
 Low mechanical as the 
post implantation 
recoiling and loading 
failure in load bearing 
device or prone to 
fracture. 
 Inert strong in 
compression or low 
fracture toughness. 
 No harmful  product 
after the degradation 
process 
 Long term effects of 
polymer full absorption 
products are unclear. 
 
 No harmful  product 




1.2 Objectives   
 
The objectives of this study are: 
1. To develop magnesium alloy  (Mg-Zn-1wt%Ca , Mg-Zn-2wt%Ca , Mg-Zn-
0wt%Ca) 
2. To investigate the effects of calcium composition variation in magnesium alloy 
on the degradation rate through corrosion resistance measured. 
3. To analyze the surface morphologies of magnesium alloy 
 
1.3 Scope of study  
 
The overall scope of this study is to analyze the impact of variation of calcium 
composition in ternary magnesium based alloys which is Mg-Zn-Ca system. The 
degradability will be determined by the corrosion resistance of the alloys. This study 
will present alloys fabrication, corrosion test, elemental analysis and microstructure 




1.4 Problem statement 
 
The vital performance for degradable materials is the degradation rate. The application 
of degradable stent from magnesium alloys is having a too rapid corrosion or 
degradation rate which is within 3 to 6 months in human body environment.  The 
degradable magnesium alloy stent is recommended after modification to last for 6 to 12 
months for complete healing process. Thus, the key issue of Mg-Zn-Ca alloy is the fast 
corrosion rate in human body environment. 
Variations of calcium composition in magnesium alloy could affect the degradation rate. 
Through the experiment conducted, the right composition of calcium could be 
determined for certain sample that having slower degradation rate or higher corrosion 
resistance. In addition, the effects on microstructure of the alloys also can be 






















2.1 Rational and history  
 
Safer and better medical procedures and outcomes can be achieved after recent design 
improvements for artery stenting. Complication rates for patients were dropping during 
and after the treatment with stents and the results were consistent. This will provide the 
great outcomes for high-risk patient that suffering arterial related diseases (William et 
al., 2012).   
Initially, stainless steel (bare metal) or cobalt chrome alloy has been used widely as the 
stent to open up and treat the narrowed arterial vessels. The stents are placed 
permanently in the host body even the patient has completed the healing process. This 
will cause some implications to occur towards host body (Joner et al., 2006). Besides, 
there are limited treatment options and have to wait for a quite some time for the 
outcomes (William et al., 2012). 
 
2.2 Magnesium as biomaterial 
 
Magnesium represents a promising candidate for degradable stents and attracted good 
attention as degradable materials. Magnesium alloys have good mechanical properties 
and biocompatibility.(Dharam & Anthony, 2012). Good mechanical properties of 
magnesium alloys can be characterized in terms of having an optimum tensile strength to 
withstand the maximum stress while being pulled or stretched before breaking. Good 
biocompatibility here means that the coexistence of magnesium alloy with living tissues 
provide no harm to the host body. Magnesium is one of the essential cation in the human 
body. It is about 25g of magnesium circulated in human body (Xue-Nan & Yu-Feng, 
2010). Standard electrode potential for magnesium is -2.37. While, human body fluid is 
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mainly contain of chloride ion. Magnesium will act as an anode (more electronegative) 
while chloride ion as a cathode (more electropositive).  Thus, magnesium will exhibit 
poor corrosion resistance in the presence of chloride ion (Tullmin, 2004). Their rapid 
corrosion rate is the advantage for developing a biodegradable metal (Xue-Nan & Yu-
Feng, 2010). Therefore, magnesium alloy is the potential candidate for degradable 
material. Then, its mechanical properties will be loss throughout the healing period 
during degradation. The following profile illustrates the degradation of the magnesium 
alloy in body environment (Guang-Ling, 2011).  
 
Figure 4: Gradual loss of mechanical property of biodegradable implant 
The introduction of biodegradable stent can effectively provide short-term treatment for 
the arteries. Biodegradable stents should have the following properties: 
a) Biodegradability-The stent working duration is expected to be for 6 to 12 months  
b) Biocompatibility and biosafety- No harmful yield materials, toxicity and 
inflammatory response to the host body should be considered since the entire 
element will enter the human body 
c) Mechanical strength- It has to be greater than 300MPa 









2.3 Mechanism of alloy corrosion 
 
 
Figure 5: Mechanism of alloy corrosion 
 
First, the magnesium alloy is exposed or immersed in the body fluid environment. 
Sometimes, term in vivo is used to represent the process that occurring within a 
natural setting. Body fluid environment has two characteristics; a) contains chloride 
ions b) pH of 7.4. For experimental work, simulated body fluid (SBF) is prepared to 
be the body fluid environment (Yu et al., 2012).  
The oxidation of magnesium will occur after reaction with water then convert 
magnesium into magnesium ion. A protective layer of MgOH2 is formed. The 
MgOH2 cannot be stable. Then it will dissolve in body fluid to produce magnesium 
ions and hydroxyl ion. Magnesium ion will then combine with chloride ion to form 
soluble MgCl2. This will make the magnesium alloy expose to the body fluid 
environment. The cycle will keep repeating until the alloy become exhausted (Xue-











2.4 Alloying element  
 
Alloying elements selection is critical in designing biocompatible implant material. 
The chance of toxicity can be greatly reduced by using the materials that are essential 
to the human body. Different alloying elements contain in magnesium alloys will 
exhibit different degradation rate (Meisam & Yuebin, 2012). Both zinc and calcium 
can improve the values in magnesium based alloys. 
The corrosion resistance of magnesium based alloys in human body environment can 
be improved with the addition of zinc. Zinc is nobler than magnesium based on 
galvanic series. That is why zinc can improve the corrosion resistance. It has been 
reported that zinc can also elevate the charge transfer resistance of magnesium and 
thus reduce the corrosion rate.(Yu et al., 2012) Based on the recent studies of Mg-
Zn-Ca systems, the mechanical properties of the alloy can be improved with 
increasing amount of zinc (Yu et al., 2012).  
The addition of a small amount of calcium has two distinct effects on magnesium 
alloys. First, it decreases the corrosion resistance and second, it minimizes the grain 
growth and leads to smaller grains. Based on Mg-Ca binary system, with the 
increasing amount of calcium in the alloys, the magnitude of corrosion becomes 
higher. The decrease in corrosion resistance was due to high concentration of Mg2Ca 
intermetallic phase formed in grain boundaries. The investigation is conducted with 
different contents of calcium. The corrosion rate increased with increasing calcium 
content and corrosion potential become more negative(Yu et al., 2012). Thus, a 
potentially magnesium based alloys can be designed and use for degradable and 












2.5 Degradation of magnesium 
 
Magnesium alloys are known to degrade in vivo. Electrochemical reactions are taken 
place during the process which yields hydrogen gas and magnesium hydroxide 
evolution (Guang-Ling, 2011). From the equations, it can be seen that magnesium 
reactions with aqueous solutions produce hydrogen gas. This could potentially form 
harmful hydrogen pockets. Zn addition to the alloy can reduce the amount of 
hydrogen gas formed (Guang-Ling, 2011). The following are the net reaction from 
half-cell reactions of magnesium alloys corrosion in aqueous environments:     
 
Net reaction 
Mg (s) + 2H2O (aq)  Mg(OH)2 (s) + H2 (g) 
 
Half-cell reaction 
Mg (s)  Mg 
2+
 (aq) +2e
-   
  (oxidation) 
2H2O (aq) +2e-  H2 (g) +2OH
-
 (aq)    (reduction) 
Mg2
+
 (aq) + 2OH
-
 (aq)  Mg(OH)2 (s)    (byproduct formation) 
           
Addition of zinc to the alloy can displace hydrogen ions 
 
Zn (s) + 2H2O (aq)  Mg(OH)2 (s) + H2 (g) 
Zn (s)   Zn 
2+
 (aq) +2e
-   
  (oxidation) 
 
Magnesium can remove zinc ions  
Mg (s) + Zn 
2+
 (aq)  Zn (s) + Mg 
2+












2.6 Mg-Ca-Zn ternary system alloys   
 
The previous study has proven that for binary Mg-Ca alloys, the corrosion rates 
increased significantly as the calcium contents increased. It is proven that rising in 
calcium contents also decreased the grain size of the magnesium based alloy (Rad et 
al., 2012). 
Mg-Ca-Zn system with addition of alloying elements has good strength properties, 
toughness, corrosion resistance and creep resistance. The presence of calcium in the 
magnesium based alloy enhances the strength and corrosion resistance while zinc 
improves the precipitation hardening response. It is found that oxidation resistance of 
magnesium can be improved by addition of calcium at temperature above 750K. On 
the other hand, alloying with zinc element increases the fracture toughness of 
wrought magnesium alloys (Rahman, 2008).     
One of the samples chemical compositions Mg-Zn-1wt%Ca, Mg-Zn-2wt%Ca or Mg-
Zn-0wt%Ca will be chosen as the right magnesium alloys that meet the requirements 
of biodegradable material. It can be applied as the implants without any harmful 
effects on host (Nowosielski et al., 2013). Generally, addition of Ca and Zn for 
magnesium alloy should not be higher than 2wt% and 6wt% respectively (Emley, 
1966). 
Undesired accompanying elements in magnesium alloys are iron, nickel, cobalt and 
copper, which, due to their electropositive nature, cause a considerable increase in 
the tendency for corrosion (Heinz et al., 2012) 
Table 2: Influence of alloying elements on the properties of magnesium alloys 
(Nowosielski et al., 2013) 













Calcium +    - + 
Zinc +  -*  +  
Manganese +  +  + + 
Silicon  +  + -  
Yttrium +     + 
+ Positive effect of alloying element (increase property), 
- Negative effect of alloying element (decrease property), 
* Only at high concentrations of zinc in the alloy. 
 12 
 
2.7 Mg-Ca binary system alloys 
 
Table 3 : Comparison of corrosion rate for Mg-Ca alloy (Reza et al., 2012) 
Alloy Alloying elements, wt% Corrosion rate (mm/year) 
Mg-xCa 0.5 Ca 1.52 
Mg-xCa 1.5 Ca 2.12 
Mg-xCa 2.5 Ca 7.24 
 
The table above summarized the corrosion rate of the Mg-Ca binary system alloys 
based on the previous study. It is shown that, Mg-2.5Ca with higher content of 
calcium having higher corrosion rate per year. 
The degradation of alloys in simulated body fluid follows the equation below: 
Mg + 2H20  Mg(OH)2 +H2 







 ions were attached to the surface of the specimen. This will lead 
to more accumulation of OH
-
 ion for nucleation. Large amount of deep corrosion will 
be seen for the specimen with higher content of calcium that is due to higher 











2.8 Microstructure of magnesium alloys 
 
Electrochemically, Mg2Ca phase is more active and assumes the role of anode 
contradicting other intermetallic which is cathode in relation to magnesium. Calcium 
is a unique alloying element added to magnesium in the context of degradable 
implants. The effect of calcium content on microstructure of magnesium alloys based 
on several studies was shown the significant decrement of grain size and dendritic 
cell size with higher amount of calcium. More Mg2Ca intermetallic phase formed in 
grain boundaries when the introduction of calcium is higher. The studies proved that 
a fine grain structure will lower the ductility of the alloys. Below is the illustration of 
different microstructure of magnesium alloys after variation of calcium content(He et 
al., 2011). The grain size seems to be smaller as calcium content increases (from 
figure (a) to figure (f)).  
 
 
Figure 6: Optical micrographs a) pure mg b) Mg-0.5Ca c) Mg-1.25Ca d) Mg-2.5Ca 






3.1 Research methodology 
 









preparation   
Prepare the right amount for magnesium, zinc and calcium to 
develop: Mg-Zn-1wt%Ca, Mg-Zn-2wt%Ca, Mg-Zn-0wt%Ca 
Fabrication of 
alloy 
Melt the materials under argon gas in ceramic crucible in a 
furnace.  
Immersion test  Examine the corrosion resistance by conducting immersion test.  
Weight loss 
measurement 
Based on the data gathering in weight loss method, corrosion 
rate of the samples can be determined  
EDX & SEM 
Examine the structure and elements of the both alloys by energy 
dispersed X-ray  (EDX) and a scanning electron microscope 
(SEM).  




The details for each step in the research methodology are as follows: 
3.1.1 Materials preparation   
Prepare pure magnesium (97.99%) , zinc and calcium as raw materials to develop: 
a) Mg-Zn-1wt%Ca 
b) Mg-Zn-2wt%Ca 
c) Mg-Zn-0wt%Ca (Rad et al., 2012) 






Magnesium Zinc Calcium 
Mg-Zn-0wt%Ca 
 
5000 4950 50 0 
Mg-Zn-1wt%Ca 
 
5000 4900 50 50 
Mg-Zn-2wt%Ca 
 
5000 4850 50 100 
 
 
3.1.2 Fabrication of alloy 
Melt the materials with a chemical composition of Mg-Zn-1wt%Ca, Mg-Zn-2wt%Ca 




C /min in a ceramic crucible 
and place them inside the tube furnace. 
 




Below are the details for heating sequence: (Rad et al., 2012) 
 
1. Argon purging                                               :   15 minutes  
2. Heating to 750oC @ 10oC/min            :   82 minutes  
3. Dwelling (hold in temperature)  @ 750oC    :   60 minutes 
4. Cooling to 30oC @ 10oC/min                        :   82 minutes 
5. Argon purging                                               :   10-30 minutes  
6. End of process  
 
 
Figure 9 : Heating sequence 
 
Set the furnace for 3 ramps (change in temperature) at magnesium, zinc and calcium 
melting points. The ramp is used to heat up or cool down the rate to the specified 
melting points of each component. Then, the furnace will dwell or hold the 





























Heating Sequence  
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Melting point for magnesium, zinc and calcium are: 
Table 5 : Melting Point 












3.1.3 Immersion test 
Immersion test setup: 
 
Figure 10 : Immersion test setup 
 
The samples are placed and held in the glass container with testing solution inside 
which is simulated body fluid or SBF solution. To ensure its condition is constant 
throughout the test, agitation of the solution is required by placing the glass container 
on a magnetic stirrer and its temperature is controlled at 37
o
C ± 0.5.  
Floating balls are scattered on SBF solution surface to reduce energy lost and water 
evaporation. The pH values of the SBF solution is monitored for 7.4 ± 0.1 by means 
of pH electrode of a programmable threshold switch.  
 SBF solution is used to control the pH value of human blood plasma and ionic 
composition. The composition is the same as stated in Table 6.  
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The mass loss of the samples can be determined accurately by removing the 
degradation products from the each sample. The loose degradation products can be 
removed by using a brush after immersion.  
Then, ethanol is used to ultrasonically clean the samples and immerse them for 20 
minutes in; 
11.1 g Sodium Dihydrogen Citrate  
1.7 g Citric Acid  
0.1 g tryptamine (as corrosion inhibitor) 
250 ml Dionized water  
The samples are once more mechanically cleaned by using a brush and ultrasonically 
cleaned in ethanol and finally dried in hot air. (Schinhammer et al., 2013) 
Before conducting the immersion test, prepare 2L simulated body fluid (SBF) 
solution by the following chemical composition:    
 
Table 6: SBF Chemical Composition 
Chemicals Concentration Mass for 2L 
NaCl 6.8 g/L 13.6 g 
CaCl2 0.2 g/L 0.4 g 
KCl 0.4 g/L 0.6 g 
MgSO4 0.1 g/L 0.2 g 
NaHCO3 2.2 g/L 4.4 g 
Na2HPO4 0.126 g/L 0.252 g 
NaH2PO4 0.026 g/L 0.052 g 
             
 
 
Examine the corrosion resistance by conducting immersion test. Immerse the 
prepared specimens into simulated body fluid (SBF) (Lenka & Frank, 2006). The 





. Ratio of solution volume to sample surface area is 20ml/cm
2
 according to 
ASTM G31-72. Each immersion test requires 176ml SBF solution (Lenka & Frank, 






Experimental procedures can be summarized as follows: 
1. Polish the samples with SiC papers of 1200 and 2500 grit. 
2. Clean them ultrasonically for 10 minutes with ethanol 
3. Weigh the samples before immersion in simulated body fluid (SBF) of pH 7.44 at 
37
 o
C. Monitor the pH values of the solution. Seal the beakers and incubate with 
pH of the solution is set to 7.44 with HCl and NaOH. 
4. Wash the samples with deionized water and dry them in the air 
5. Weigh all the samples  
The samples are then need to be immerse in SBF solution for 6, 12, 24, 72, 120, 192, 
264, 336, 408, 480 hours (Rad et al., 2012) 
 
 
3.1.4 Corrosion rate - weight loss measurement  
 
The basis to determine the corrosion rate is the sample weight loss due to immersion 
in simulated body fluid (Rad et al., 2012). Below is the method to determine the 
weight loss of the samples:    
 


















Mg-Zn-0wt%Ca     
 
Mg-Zn-1wt%Ca     
 








Based on the data gathering, corrosion rate is expressed by: 
                (
  
    
)  
  
   
     (Rad et al., 2012) 
 
  (        )              
 
  (       )  
 
   
  
 
  (    )       
 
  (             )      
 
  (           )    
 
Note: 
Assume magnesium density based on 97.99% 
Area calculated based on sphere shape, A=4πr2 
 
 
3.1.5 EDX (Energy-dispersed X-ray) and SEM ( Scanning electron microscopy) 
test  
 
This method is used for elemental analysis and morphology characterization of a 
sample. The characterization is conducted before and after the immersion test of each 
sample. Therefore, clear differentiation can be seen on the microstructure of the 
samples before and after degradation process (Venkannah, 2004).    
 
SEM or optical and scanning electron microscopy is used to observe the interface 
between corrosion layer and metal substrate using scanning electron microscopy. 
Corrosion properties of the immersed samples can be evaluated by the morphology 
observation. While, EDX adopt the consequence of the collision between an 
energetic beam electron and target material’s inner-shell electrons of an atom. The 
energy values from x-rays can determine the elemental presence. This will provide 










Several procedures as the preparation prior to SEM and EDX examination have to be 
conducted. The samples are needed to be clean and insure there is no damage on 
their surface.  
 
The procedures are: 
1. Cut the ingots and fit them in the sample holder 
2. Degrease the samples in acetone ultrasonically.  
3. Wash the samples by using methanol to remove remaining surface film.  
4. Mount the samples with hot mounting machine.  
5. Grind on progressively on the surface of the samples by using finer SiC 
paper.  
6. Polish the samples by using SiC paper on rotating wheel.  
7. Etch the samples in acetic picral solution. 
8. Conduct the EDX and SEM treatment to observe the elemental present 
and microscopy respectively of all the samples. (Nowosielski et al., 
2013).  
Mounting  
The samples will be evaluated before the immersion test is conducted. Mg-Zn-
1wt%Ca ingot is ground progressively on its surface by using silicon carbide paper 
for sanding down the surface. 
Then, the samples are mounted by using hot mounting machine. The purpose of 
mounting the samples is to ease the handling by shaping them into convenient shape 
and size and to protect the surface from defects. Thus, the samples can be fit or place 









Figure 11 : Hot Mounting Machine 
Before fitting them into SEM, the samples is polished by using alumina powder on 
rotating wheel and then the samples are etched in acetic picral solution. Magnesium 
and its alloys have low melting point so, hot compression mounting can be used. So 
that, the surface of the samples becomes finer for SEM analysis later. But, the 
pressure in hot compression mounting may induce mechanical twinning in high 
purity magnesium.  
 
The hot mounting machine is set to: 
Pressure    : 4000psi 
Heat time  : 3 minutes  
Cool time  : 2 minutes  
 
Too small samples should be held conveniently for grinding and polishing. Hot 
mounting are preferred for this process. The samples can be clamped together to 
form packs. Bolting or clamping must be done carefully to avoid cold working 









Abrasive paper is used to perform dry and wet grinding of the samples. Abrasives 
that can be used for grinding are silicon carbide, alumina and emery.  
Wet grinding is preferred as it can prevent overheating of the samples. It is also can 
maintain exposure of the sharp edges of the abrasive. Horizontal polishing wheel of 
conventional 200 mm and 1000 grit silicon carbide paper are often used for fine 
grinding. Abraded fragments can be flushed away by directing a small stream of 
water (Nowosielski et al., 2013).  
 
Mechanical polishing  
There are two stages of mechanical polishing, rough and finish. Major remaining 
metal after grinding can be removed by rough polishing and then superficial 
scratches remain after rough polishing are removed by finish polishing.  
Medium nap cloth is used for both polishing wheels. Rough polishing need a 
suspension of 2000 grit Al2O3 per 500 ml water on the wheel to yield a better surface 
finish with less scratch. Time required for polishing is doubled to minimize amount 
of scratches from grinding process.  
Optimum pressure should be used to reduce the relief polishing due to different rate 
if stock removal between harder and softer micro constituents.  
A suspension of 10 g Al2O3 per 500 ml water is used on the wheel for finish 
polishing. The abrasive solution is added by 15 ml of soft soap. The sample is moved 
across the surface of the wheel to distribute the abrasive over the samples. An 
optimum pressure is also required for the process as too less pressure will lead to 
relief polishing and rough structure.   
Remaining light scratches and cold worked surface can be removed by light etching 
and repolishing. The samples must be rinsed thoroughly if soft soap is used.  
The sample exposure to water is kept as brief as possible for cleaning process. It is 
inconvenient cleaning without using water as the medium. The micro structure is not 
affected by holding the samples under running water for a second to ease the 




Several standard etchants can be used to reveal the microstructure. In this study, 
acetic picral etching solution is used. The surface of the sample can be scratched by 
cosmetic cotton puff while etching (Voort, 2010). 
Table 8 : Chemical etchants  
Name  Composition  Comments  
Glycol  1 ml HNO3 
24 ml water 
75 ml ethylene glycol     
 It is general-purpose etchant. 
 Immerse for 3 to 5 seconds. 
 Rinse with water and dry under hot 
air.  
 Magnesium rare earth alloys and 
magnesium thorium alloys are 
preferred to use glycol etch.  
Acetic glycol  20 ml acetic acid  
1 ml HNO3  
60 ml ethylene glycol 
20 ml water  
 It is general-purpose etchant. 
 Immerse for 1 to 3 seconds for cast 
alloys and 10 seconds for annealed 
alloys. 
 Rinse with water and dry under hot 
air. 
Acetic picral  5 ml acetic acid  
6 g picric acid 
10 ml water  
100 ml ethanol 
 Immerse until brown film appear 
on the surface. 
 Rinse with ethanol and dry 
under hot air.  
 May reveal grain boundaries, 
mechanical twins and residual 
cold work. 
 It is a staining reagent that can 
produce color as viewed with 
polarized light and sensitive tint.  
Phosphor-
picral  
0.7 ml H3PO4  
4.6 g picric acid  
100 ml ethanol  
 Immerse for 10 to 20 seconds. 
 Rinse with ethanol and dry under 
hot air.  
 Looking for undissolved second 
phase particles in solution annealed 
samples. A good contrast between 
the darkened matrix and the 




100 ml Hydrofluoric 
acid 
90 ml water  
 Place the solution in polyethylene 
or glass beaker. 




3.2 Study plan (Gantt-Chart) 




1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Project title selection                             
Understanding the concept of 
biodegradation 
                            
Study microstructure and 
elemental characterization 
concept 
                            
Consult supervisor for clear 
understanding 
                            
Raw materials preparation and 
alloys fabrication 
                            
Microstructure and elemental 
characterization test 
                                                        
Immersion test                                                         
Weight loss measurement                                                         
Corrosion rate analysis                                                         
Microstructure and elemental 
characterization test 
                                                        
Preparation for Pre-SEDEX                                                         




3.3 Key milestone 
 
 
Table 10 : Details on key milestone 
Week FYP I 
Week 2-8 
Research work (study on journal articles and books) 
 Establish firm understanding on degradable magnesium 
alloy. 
 Produce a proposal 
Week 9-11 
Raw materials preparation and alloys fabrication 
 Establish methodology to investigate magnesium alloy 
properties (sample 1) 
Week 12-14 
Preparation for immersion test 
 Prepare the immersion solution (simulated body fluid) 
Week FYP II 
Week 1-4 
Raw materials preparation and alloys fabrication 
 Continue fabricate the magnesium alloy (sample 2 ) 
Week 5-6 
Raw materials preparation and alloys fabrication 
 Continue fabricate the magnesium alloy (sample 3 ) 
Week 7-8 
Immersion test  
 Establish methodology to investigate the corrosion 
properties of the alloy prepared. 
Week 9 
Conduct EDX and SEM analysis  
 Microstructure analysis 
Weight loss measurement and corrosion rate analysis 
 Completed weight loss measurement 
 Determine the corrosion rate of each sample 
Week 10-11 Preparation Pre-Sedex, dissertation and technical paper 
Week 12-14 
Preparation for oral presentation 
 Establish firm understanding on the effect of calcium 









RESULTS AND DISCUSSION 
 
4.1 Alloy fabrication  
 
1. First trial (Mg-Zn-1wt%Ca) 
The first trial shows the alloy is not really well melted. There are only small grains 
appear. The analysis cannot be proceed due to small grain size. This is due to no 
ramp (change in temperature) set to the furnace during heating process. The ramp set 
up is important for single crystal growth of magnesium, zinc and calcium in a tube 
furnace. 








On the second trial, the furnace is set up with 3 ramps at magnesium, zinc and 
calcium melting point. The ramp is used to heat up or cool down the rate to the 
specified melting points of each component. Then, the furnace will dwell or hold the 
Figure 12 : First trial Mg-Zn-1wt%Ca 
Figure 13 : Second trial Mg-Zn-1wt%Ca 
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temperature for 60 minutes at 750
o
C. The grain size seems larger, shiny and having 
hard surface than before. Therefore, the analysis can be done on the samples. All 
three magnesium alloys; Mg-Zn-0wt%Ca, Mg-Zn-1wt%Ca and Mg-Zn-2wt%Ca 
were fabricated well by applying the ramp setting of the furnace.  
 
4.2 Corrosion rate  
 
The basis to determine the corrosion rate is the sample weight loss due to immersion 
in simulated body fluid. Below are the corrosion rate obtained for each sample:    














Mg-Zn-0wt%Ca 8.8 29.5 28.2 1.28 2.12 
Mg-Zn-1wt%Ca 8.8 28.3 27.2 1.13 1.87 
Mg-Zn-2wt%Ca 8.8 28.7 26.6 2.15 3.56 
 
 































Composition of Calcium (wt%) 
Corrosion Rate (mm/year)  
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After each immersion test, each sample was removed from simulated body fluid 
solution and washed with distilled water. Each sample is weighed before and after 
the immersion test which we immerse the sample in simulated body fluid. The area 
of the sample exposed to the simulated body fluid is fixed to 8.8cm
2 
by cutting the 
samples into 20 x 10 x 8 mm rod each.  
 
 
The corrosion rate in mm/year is calculated by this equation; 
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From the corrosion rate calculated, it can be concluded that, the corrosion rate is 
reduced as there is a presence of calcium in the sample. But, as calcium content 
increases, the corrosion rate increases. Thus, the corrosion resistance is decreased.  
 
Therefore, Mg-Zn-1wt%Ca with corrosion rate of 1.87 mm per year is the optimum 
choice to be implemented as the degradable stent because it has the lowest corrosion 
rate and highest corrosion resistance as compared to other two samples. Mg-Zn-
1wt%Ca having lower corrosion rate than Mg-Zn-0wt%Ca (2.12 mm per year) due to 
the presence of calcium in the alloy that can reduce the corrosion rate as compared to 
the alloy without any presence of calcium. While, Mg-Zn-2wt%Ca with corrosion 
rate of 3.56 mm per year is not able to be applied as good degradable material as it 
will not prolong in human body due to low corrosion resistance. Thus, complete 




4.3 Scanning Electron Microscopy (SEM) and Energy Dispersed X-Ray 
(EDX) analysis  
 
 
Figure 15 : Magnesium alloy samples ready for SEM and EDX analysis 
 
Magnesium and its alloy are difficult to be prepared due to low matrix hardness and 
high hardness of precipitate that will lead to relief problem. Cutting, handling or 
grinding might cause mechanical twinning if the pressure is high. The right technique 
of cutting is important to produce the least amount of damage to samples. The use of 
water should be minimized during cleaning process and final polishing. Excellent 
result can be obtained by using an abrasive cut-off saw. During cutting operation, 
coolant must be used to reduce the heat produced to minimize sample damage.  
Final polishing is one of the weak points in the process. It is difficult to get the best 
quality of magnesium oxide and its size of particles is too course. It is also hard on 
polishing cloths and can be suspended in water. Thus, alumina is the best option to 
be used as abrasive for final polishing. It also has optimum particle size. (Voort, 
2010) 
After the analysis, the immersion test can be conducted and the corrosion rate Mg-
Zn-1wt%Ca, Mg-Zn-2wt%Ca and Mg-Zn-0wt%Ca can be determined. The 
microstructure of these three samples after immersion can be analyzed and 
compared.  




Figure 16 : SEM and EDX 
Below are the results obtained for microstructure from Scanning Electron 
Microscopy (SEM): 
SEM Microscopic Image Details 
a) Mg-Zn-0wt%Ca 
 Large grain  
 No clear grain boundaries  
b) Mg-Zn-1wt%Ca 
 Smaller grain  
 Grain boundaries start to be 
obvious   
c) Mg-Zn-2wt%Ca 
 Smallest grain 







Figure above shows SEM micrographs of Mg-Zn-xCa alloy with different percentage 
of calcium. SEM was set to 300x magnification. As can be seen from figure a), b) 
and c) the grain size is getting smaller as percentage of calcium increases.   
As can be seen in figure a) which is magnesium alloy without any calcium in, the 
grain size of the alloy is much larger than other two. Magnesium alloy with 1wt% 
calcium shows a bit smaller grain size. And the last one is magnesium alloy with 
2wt% calcium, it shows the smallest grain size among these three samples. 
The grain size will affect the corrosion behavior of the magnesium alloy. The 
significant of smaller grain size is it will provide higher yield strength and stress 
relaxation resistance of the product later. Ductility or solid material’s ability to 
deform under tensile stress of the alloy is less as the grain size is smaller.  
It was also found that the corrosion resistance will be improved with the decrease of 
grain size. But, smaller grain size will lead to more yield of grain boundaries to 
appear. Higher grain boundary density will accelerate the corrosion due to no passive 
process in its environment. It will depend upon the ability of the environment to 
passivate. Thus, corrosion resistance decreases with refining grain size. Therefore, 
Mg-Zn-1wt%Ca is selected as the best choice to be implemented as degradable 
implant due to its optimum corrosion resistance as it has smaller grain size and the 



















Element Number Element Symbol Element Name Concentration 
12 Mg Magnesium 74.8 
8 O Oxygen 21.9 
6 C Carbon 1.4 
11 Na Sodium 1.4 
30 Zn Zinc 0.5 
20 Ca Calcium 0.0 
 
 
Mg-Zn-0wt%Ca alloy was examined by EDX to determine the composition of the 
magnesium alloy. The main elements detected on the surface of the sample were Mg, 
O, C, Na, Zn, and Ca indicating that Mg and Zn was present in the alloy. There is no 
calcium in the alloy and magnesium is found to be significant in quantities as it is the 



















Confidence Concentration Error 
12 Mg Magnesium 100.0 96.6 0.3 
11 Na Sodium 100.0 1.2 3.6 
30 Zn Zinc Manual 0.9 7.0 
20 Ca Calcium Manual 1.3 3.4 
 
Mg-Zn-1wt%Ca alloy was examined by EDX to determine the composition of the 
magnesium alloy. The main elements detected on the surface of the sample were 























Confidence Concentration Error 
12 Mg Magnesium 100.0 78.2 0.4 
20 Ca Calcium Manual 8.1 1.2 
8 O Oxygen 100.0 11.3 2.7 
30 Zn Zinc Manual 2.5 3.6 
 
Mg-Zn-2wt%Ca alloy was examined by EDX to determine the composition of the 
magnesium alloy. The main elements detected on the surface of the sample were 

















Variation of calcium composition will cause the significant effect on the corrosion 
resistance and surface morphologies of magnesium alloys. Therefore, 
1. Three samples of magnesium alloy with different calcium composition (Mg-
Zn-1wt%Ca, Mg-Zn-2wt%Ca and Mg-Zn-0wt%Ca) were fabricated and 
melted well in a tube furnace after some modification done. The ramp setting 
of the furnace is required to yield every single crystal growth of each 
element. As a result, each samples yielded harder, larger and shiny surface 
which is good for SEM and EDX analysis later.     
 
2. The biodegradability or corrosion resistance for Mg-Zn-1wt%Ca, Mg-Zn-
2wt%Ca and Mg-Zn-0wt%Ca can be determined through the corrosion rate. 
From the result obtained, the calculated corrosion rate for the three samples 
of magnesium alloy shows that the Mg-Zn-1wt%Ca has the optimum 
composition of calcium which leads to lowest corrosion rate (1.87 mm/year) 
and highest corrosion resistance among those three samples. Magnesium 
alloy for degradable implant is desired to have the high corrosion resistance 
and low degradation rate to prolong its existence in blood arteries for 
complete healing process. Therefore, Mg-Zn-1wt%Ca can be implemented as 
degradable implant.  
 
3. According to the previous study, the microstructure of  implants will be 
affected by the amount of calcium present in the alloys (Meisam & Yuebin, 
2012). Thus, the effect on surface morphologies of magnesium alloys that 
influenced by variation in calcium contents have been analyzed through 
scanning electron microscopy (SEM) and energy dispersed x-ray (EDX) 
method. From the result obtained, more calcium content in magnesium alloy 
(Mg-Zn-2wt%Ca) will lead to smaller grain size and more grain boundaries 
to appear in SEM images. Thus, the corrosion rate is higher as there are more 
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grain boundaries due to no passive process. Therefore, Mg-Zn-2wt%Ca is not 
recommended to be implemented as degradable implant as it has low 
corrosion resistance. Once again, Mg-Zn-1wt%Ca is selected as the best 
magnesium alloy among those three samples as the presence of calcium in the 
alloy can reduce the corrosion rate as compared to Mg-Zn-0wt%Ca with no 
calcium at all. From EDX analysis, it is proved that main elements detected in 
magnesium alloy are magnesium, zinc, and calcium which is respective to its 























5.2 Recommendation  
 
1. Ramping method is required in order to heat up or cool down the rate to the 
specified melting points of magnesium, zinc and calcium to melt the alloy 
well. 3 ramps at magnesium, zinc, and calcium melting points are needed for 
single crystal growth of each element in the furnace. With that, larger grain 
size can be produced and analysis can be done on each sample. Therefore, 
Mg-Zn-0wt%Ca, Mg-Zn-1wt%Ca and Mg-Zn-2wt%Ca are melted well in the 
furnace as the desired alloy sample.  
 
2. It is recommended to use the EIS (electron impedance spectroscopy) or LPR 
(linear polarization resistance) to analyze and determine the corrosion 
resistance of magnesium alloy. These two methods can yield more accurate 
result as compared to weight loss measurement in determining the corrosion 
resistance.  
 
3. It is difficult to prepare for metallographic examination of magnesium alloy. 
The procedures must be followed and executed carefully to yield a true 
representation of microstructure. The finest SiC as an abrasive for grinding is 
needed to remove the cutting damage and to produce satisfactory final 
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Table 12: Summary of Pathophysiology and Toxicology of Magnesium and Some 





Pathophysiology Toxicology Daily 
allowance 














Ca 1.3 mmol/L Most abundant 
mineral and 
mainly stored in 











Zn 46 μmol/L Essential trace 
element; appears 










Table 13: Electrode Potential 
Element 










































Table 14 : Corrosion rate of selected magnesium alloy  
















































AZ91 as cast SBF6 Tafel 
extrapolation 
1.5 
























HP Mg 99.99% SBF27 
unbuffered 
Weight loss 0.2 










Impure Mg SBF27 
unbuffered 
Hydrogen 
evolution 
1.0 
 
